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I.  Overview  of  Results 

This  program  was  directed  at  two  objectives:  finding  a  path  to  electrically  lasing  in 
organic  semiconductors,  and  demonstrating  very  high  efficiency  small  molecular  weight 
solar  cells.  In  both  cases,  the  program  was  highly  successful.  The  primary 
accomplishments  can  be  summarized  as  follows  (details  of  the  two  most  significant 
results  will  be  found  after  the  summary: 

1.  Polariton  lasing:  Our  proprietary  approach  is  to  use  exciton-polaritons  to  result  in 
lasing  of  the  organic  material.  Here,  this  mixed  exciton-photon  state  in  a  high  Q  optical 
microcavity  is 
created  by  low 
intensity  optical 
or  electrical 
pumping.  The 
advantage  of  this 
approach  is  that 
the  emission  from 
a  single  polariton 
state  is  coherent. 

Hence,  in 

principle,  very 
low  pumping 

densities  are  required  to  obtain  laser-like  optical  emission,  making  this  approach  ideal  for 
electrically  pumped  laser  applications.  As  shown  in  our  previous  work,  direct  electrical 
injection  to  create  laser  emission  in  a  conventional  organic  OLED-type  resonant  cavity  is 
unlikely  to  succeed.  Indeed,  thus  far  OLED  emission  at  powers  as  high  as  lMW/cnr  has 
failed  to  exhibit  any  trace  of  even  the  onset  of  lasing  (e.g.  line  narrowing).  We  have 
concentrated  our  effort  on  creating  single  crystals,  or  near  single  crystals  of  small 
molecular  weight  organics  (anthracene  and  tetracene)  in  optical  microcavities.  The  work 
has  resulted  in  the  first  demonstration  of  a  polariton  laser  at  room  temperature.  It  was 
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Fig.  1 :  Principles  of  polariton  lasing 


based  on  the  material,  anthracene,  grown  in  single  crystal  form  within  a  high  Q 
microcavity,  and  is  able  to  function  at  room  temperature  due  to  the  very  large  binding 
energy  of  organic  (Frenkel)  excitons.  This  work  was  published  in  2010  in  Nature 
Photonics.  In  our  follow-on  program,  we  will  be  attempting  to  electrically  pump  these 
microcavities  (or  an  adjacent  inorganic  coupled  cavity)  to  produce  electrically  excited 
lasing  in  organics  for  the  first  time. 

2.  Nanocrystalline  solar  cells:  A  key  to  achieving 
high  efficiency  organic  solar  cells  is  to  create  a 
high  surface  area  bulk  heterojunction,  where  the 
interconnectivity  between  donor  and  acceptor 
regions  is  nearly  complete.  Moreover,  the  ideal 
bulk  heterojunction  will  consist  of  crystalline 
regions  where  the  charge  mobility  is  high  to  allow 
for  extraction  of  charge.  We  have  developed  a 
powerful  means  for  the  growth  of  crystalline  bulk 
HJs  on  the  nanoscale  using  our  proprietary  process 
of  organic  vapor  phase  deposition  (OVPD).  Using 
this  highly  controllable  process,  interdigitated, 
crystalline  structures  that  are  on  the  scale  of  the 
exciton  diffusion  lengths  in  the  copper 
phthalocyanine  donor  and  C6o  acceptor  (-4-20  nm) 
have  been  grown.  This  has  resulted  in  a  three-fold  improvement  over  the  efficiency  of  a 
planar  HJ  cell  using  these  same  materials,  achieving  4.5%  power  conversion  efficiency 
(calibrated  and  solar  spectrally  corrected)  for  a  HJ  cell.  The  crystalline  nanostructure  of 
the  cell  is  shown  in  Fig.  2.  This  work  has  been  published  in  Advanced  Materials. 
Experiments  employing  SnPc  as  the  third  component  (absorbing  in  the  near  infrared) 
have  proved  to  be  quite  promising.  In  principle,  there  is  no  limit  to  the  number  of 
constituent  materials  that  can  be  included  in  a  single  junction  cell  to  cover  the  broadest 
possible  solar  spectral  range. 

II.  Detailed  Summary  of  Major  Accomplishments 
A.  Polariton  Laser 

The  optical  properties  of  organic  semiconductors  are  almost  exclusively  described  using 
the  Frenkel  exciton  picture6.  In  this  description,  the  strong  Coulombic  interaction 
between  an  excited  electron  and  the  charged  vacancy  it  leaves  behind  (a  hole)  is 
automatically  taken  into  account.  If,  in  an  optical  microcavity,  the  exciton -photon 
interaction  is  strong  compared  to  the  excitonic  and  photonic  decay  rates,  a  second 


Fig.  2:  Cross  sectional  TEM 
image  of  nanocrystalline  regions 
of  C60  and  CuPc  grown  by  OVPD 
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quasiparticle,  the  microcavity  polariton,  must  be  introduced  to  properly  account  for  this 

' I 

coupling  .  Coherent,  laser- like  emission  from  polaritons  has  been  predicted  to  occur 
when  the  ground-state  occupancy  of  polaritons  (ngsj,  reaches  1  (Ref.  8).  This  process, 

known  as  polariton  lasing,  can  occur  at  thresholds  much  lower  than  required  for 
conventional  lasing.  Polaritons  in  organic  semiconductors  are  highly  stable  at  room 
temperature,  but  to  our  knowledge,  there  has  as  yet  been  no  report  of  nonlinear  emission 
from  these  structures.  Here,  we  demonstrate  polariton  lasing  at  room  temperature  in  an 
organic  microcavity  composed  of  a  melt-grown  anthracene  single  crystal  sandwiched 
between  two  dielectric  mirrors. 


CWl 


Polariton  lasing  and  Bose-Einstein  condensation  (BEC)  of  polaritons  have  both 
recently  been  observed  in  inorganic  semiconductors9"11.  However,  with  the  exception  of 

the  nitrides,  the  strong-coupling 
regime  has  only  been  reported  at 
cryogenic  temperatures  in  inorganic 
materials  due  to  the  small  binding 
energy  (-10  meV)  typical  of  the 
extended  Wannier-Mott  excitons 


contrast,  strongly-coupled  organic 
microcavities,  can  readily  be  made 
to  span  the  entire  visible  spectrum  at 
room-temperature  due  to  the  high 
binding  energy  (-1  eV)  of  Frenkel 
excitons.  In  this  work,  we 
demonstrate  polariton  lasing  in  the 
organic  semiconducting  crystal 
anthracene,  at  room  temperature  and 
at  a  threshold  below  that  of  our  best- 
case  estimate  for  conventional 
photon  lasing. 

We  find  that  upon  reaching 
threshold,  the  emission  shifts  from  a 
sub-linear  bimolecular  quenched 
regime,  to  a  superlinear  regime 
accompanied  by  a  drastic  reduction 
in  the  emission  lifetime,  spectral 


Fig.  3:  Experimental  structure  and  dispersion  of 
the  b-polarized  polariton.  a)  Schematic  showing  the 
fabricated  structure  and  the  empty  channels,  prior  to 
filling  with  anthracene,  b]  Anthracene  crystal 
structure  viewed  along  the  [001]  stacking  direction. 
Two  molecules  per  unit  cell  can  be  identified  and  the 
a  and  b  crystal  axes  are  indicated.  This  results  in  two 
distinct  polaritons  possessing  an  anisotropic 
dispersion1-5,  c]  Left:  Calculated  dispersion  of  the  b- 
polarized  polariton  along  the  a-crystal  axis.  The  lower 
polariton  (LPb],  middle  polaritons  [MPb]  and  upper 
polariton  [UPb]  branches  resulting  from  strong 
coupling  of  the  cavity  photon  to  the  intramolecular 
vibronics  are  indicated.  The  bare  (uncoupled] 
dispersions  of  the  exciton  and  cavity  photon  are  also 
shown.  Each  angle  can  be  related  to  the  in-plane 
wavevector  ka  Right:  Absorption  spectrum  of 
anthracene.  (1]  Shows  fast  relaxation  of  the 
photogenerated  excitons  to  the  bottom  of  the 
excitonic  band  (reservoir]  via  the  emission  of  optical 
phonons.  (2]  Shows  direct  pumping  of  the  polaritonic 
ground  state  from  the  exciton  reservoir. 


characteristic  of  these  materials.  In 
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narrowing,  and  a  thermalization  of  the  polariton  distribution  function.  Angle -resolved 
photoluminescence  indicates  that  the  microcavity  remains  in  the  strong-coupling  regime 
above  threshold,  suggesting  the  transition  from  incoherent  polariton  emission  to  polariton 
lasing  .  Furthermore,  our  calculations  suggest  that  if  organic  polaritonic  structures 

i  a 

approaching  the  thermodynamic  limit  can  be  realized,  coherent  emission  using  direct 
electrical  injection  is  possible  -  a  regime  that  heretofore  has  been  inaccessible  to  organic 
materials14. 

The  microcavity  used  in  this  study,  shown  schematically  in  Fig.  3a,  consists  of  a 
nominally  120  nm-thick  crystalline  anthracene  film  sandwiched  between  two,  12  period, 
SiNx/SiC>2  distributed  Bragg  Reflectors  (DBRs)4.  In  anthracene,  two  excitonic  resonances 
are  present,  polarized  along  the  a  and  b  crystal  axes.  This  splitting  of  the  molecular 
resonance  results  from  the  Coulomb  interaction  between  the  two  inequivalent  molecules 
in  the  unit  cell  (Fig.  3b)15.  Both  cavity  photon  polarizations  can  couple  simultaneously  to 
these  resonances  and  their  vibronic  replicas,  resulting  in  an  anisotropic  dispersion 
possessing  multiple  polariton  branches1’5.  The  dispersion  corresponding  to  the  b- 
polarized  resonance  is  shown  in  Fig.  3c. 

To  identify  a  threshold  in  the  polariton  ground  state  occupation,  the  emission 
spectrum  at  0°  was  measured  as  a  function  of  the  pump  fluence,  varied  using  a  series  of 
metallic  neutral  density  filters  (Fig.  4).  Here,  the  sample  was  pumped  non-resonantly 

with  150  fs,  X  =  360  nm,  pulses  at  an 
angle  of  10°  from  normal  incidence. 
The  inset  shows  the  integrated  area  of 
the  b-polarized  lower  polariton  (LPb) 
emission  peak  as  a  function  of  pump 
fluence.  This  emission  transitions 
from  sub-linear  at  low  fluence  and 
dominated  by  bimolecular  quenching, 
to  superlinear  above  threshold  ( P,i,  = 
120  nJ).  Immediately  below  and 
above  threshold,  the  intensity 
dependence  is  fit  to  a  power  law  x? 
with  p=0.49±0.02  and  p=2. 10+0.07 
respectively.  At  the  highest  fluences, 
the  emission  intensity  saturates.  On 
the  other  hand,  emission  from  the  a- 
polarized  lower  polariton  (LPa) 
remains  in  the  sub-linear  regime  both 


Fig.  4:  Intensity  dependence.  Photoluminescence 
measured  at  k=0  as  a  function  of  pump  fluence. 
Inset:  Integrated  area  of  LPb  and  full  width  at  half 
maximum  linewidth  of  LPb  at  k=0  as  functions  of 
pump  fluence.  The  lasing  threshold  is  defined  as  the 
intersection  between  the  sub-linear  regime 
dominated  by  bimolecular  quenching,  and  the 
superlinear  region. 
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below  and  above  threshold.  We  also  observe  a  narrowing  of  the  emission  linewidth  from 
16.5  meV  immediately  below  threshold  to  11.5  meV  above.  Note  that  because  the  cavity 
thickness  is  intentionally  varied  over  the  sample  area,  the  observed  linewidth  is 
broadened  here  due  to  spatial  averaging. 

A  small  blue  shift  of  the  polariton  is  observed  above  threshold,  but  this  does  not 
appear  to  be  related  to  exciton-exciton  interactions  as  in  the  case  of  inorganic 
semiconductors.  Depending  on  the  detuning  between  the  excitonic  resonance  and  the 
cavity  mode,  the  polariton  will  blue  or  red-shift  towards  2.94  eV.  By  measuring  spots 
with  different  detunings,  we  have  observed  nonlinear  emission  from  both  the  a  and  b- 
polarized  lower  polaritons  (LPa  and  LPb),  with  the  laser  emission  polarized  accordingly. 
However,  lasing  is  only  observed  when  the  detuning  is  such  that  the  polariton  ground 
state  is  located  near  2.94  eV.  This  corresponds  to  the  energetic  separation  between  the 
exciton  reservoir  and  the  first  vibronic  sublevel  of  the  molecular  ground  state.  This 
suggests  that  the  polariton  ground  state  is  directly  populated  from  the  reservoir. 


Angle  (degrees) 


Fig.  5:  Angle  resolved  photoluminescence,  a)  Angle-resolved  photoluminescence  measured  below 
threshold.  Emission  from  LPa  and  LPb  is  observed.  Dashed  lines  corresponding  to  the  position  of  the 
"uncoupled”  cavity  modes  are  indicated  for  reference.  The  solid  line  shows  the  position  of  MPlb  (not 
observed  in  PL},  b)  Angle-resolved  photoluminescence  measured  above  threshold.  Emission  is  seen 
to  still  occur  from  the  lower  polariton  branches  and  not  the  "uncoupled"  cavity,  providing  strong 
evidence  for  polariton  lasing.  The  insets  show  the  emission  spot  imaged  using  a  color  CCD  camera 
below  fa}  and  above  fbl  threshold.  The  b  axis  is  in  the  vertical  direction. 


To  investigate  the  polariton  population,  angle-resolved  photoluminescence  was 
performed  along  the  a-axis  of  the  crystal  with  a  detection  cone  of  half  angle,  9=4°. 
Photoluminescence  below  threshold,  at  a  pump  fluence  of  0.003Pth,  is  shown  in  Fig.  5a. 
The  observed  peak  positions  are  directly  associated  with  the  polariton  dispersion,  ELP(ka, 
kb= 0),  where  k„  and  k/,  are  the  wavevectors  along  the  a  and  b  crystal  axes  respectively. 
Emission  from  LPb  is  strongest  and  is  TE  polarized,  while  emission  from  LPa  is  TM 
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polarized.  In  both  cases,  emission  is  strongest  at  9=0°  (corresponding  to  zero  in-plane 
wavevector),  and  decreases  monotonically  with  increasing  angle.  This  reflects  the 
decreasing  polariton  population  and  increasing  lifetime  with  increasing  angle  along  the 
branch.  The  emission  spot  below  threshold  is  shown  in  the  inset  of  Fig.  5a.  It  is  circular 
and  Gaussian  in  intensity.  The  angle-resolved  photoluminescence  above  threshold  at  a 
pump  fluence  of  1.3 Pth  shown  in  Fig.  5b,  indicates  that  the  dispersion  is  unchanged, 
confirming  that  the  structure  is  still  in  the  strong-coupling  regime.  However,  the  emission 
occurs  almost  exclusively  from  LPb  and  becomes  localized  near  the  bottom  of  the  branch. 
In  addition,  the  emission  spot  changes  drastically,  acquiring  Hermite-Gaussian  TEMoi 
modal  structure.  In  regions  with  a  detuning  where  lasing  does  not  occur,  neither  modal 
structure  nor  bright  spots  are  seen  at  the  same  pump  intensity.  The  bright  emission  spots 
observed  above  threshold  appear  to  be  localized  near  structural  inhomogeneities  on  the 
film,  while  the  two  modal  lobes  retain  the  same  shape  on  various  locations  on  the  sample 
where  lasing  occurs.  Similar  transverse  mode  profiles  have  resulted  from  anisotropy  in 
vertical-cavity  surface-emitting  lasers16. 

To  determine  the  nature  of  the  scattering  mechanism  responsible  for  populating 
the  lower  branch,  we  have  calculated  the  scattering  rate  of  a  reservoir  exciton  to  the 
polariton  ground  state  via  the  nonradiative  emission  of  an  optical  phonon  to  be 
knr~(100ns)'  (using  the  molecular  density  p=2/476.5A  ,  the  exciton-phonon  coupling 
constant  g~l  and  the  detuning  A=-120  meV).  This  value  is  large  compared  to  the 
radiative  lifetime  of  anthracene,  suggesting  that  radiative  scattering,  mediated  by  the 
dipole  interaction,  is  dominant  .  We  note  that  even  below  threshold,  a  peak  in 
photoluminescence  at  an  emission  angle  (0)  corresponding  to  ELp(0)~2.94  eV  is 
observed5,  highlighting  the  effectiveness  of  this  scattering  mechanism.  This  behaviour  is 
in  striking  contrast  to  inorganic  semiconductors,  where  relaxation  occurs  via  multi-step 
relaxation  along  the  lower  branch,  and  where  exciton-exciton  interactions  play  a  crucial 
role  in  this  scattering  process19. 

The  emission  lifetime  was  measured  with  a  streak  camera  using  the  same 
detection  geometry.  The  time-dependence  of  the  integrated  intensity  originating  from  LPb 
is  shown  in  Fig.  6a.  At  0.018/7/,,  the  emission  follows  single-exponential  decay  at  long 
times,  with  a  lifetime  t:=1.04±0.02  ns.  At  higher  pump  fluences,  the  emission  lifetime  is 
further  reduced  at  short  times,  along  with  an  increase  in  the  influence  of  bimolecular 
quenching.  Above  threshold,  the  emission  decay  time  collapses  to  <30  ps  and  is  limited 
by  the  resolution  of  our  experimental  apparatus.  The  short  emission  lifetime  above 
threshold  is  a  result  of  effective  scattering  from  the  exciton  reservoir  to  the  bottom  of  the 
lower  polariton  branch,  and  the  short  cavity  photon  lifetime  compared  to  the  nonradiative 
polariton  decay  rate. 
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E(k_)-E(k  =0) 


Fig.  6:  Temporal  response  and  occupation  number,  a)  Photoluminescence 
transient  taken  in  the  normal  direction  (E=0°  in  Fig.  3a)  for  increasing  pump 
fluence  showing  the  evolution  from  weakly  quenched,  to  strongly  quenched, 
to  lasing.  The  single-exponential  decay  time  constant  at  low  pump  fluence  (or 
long-times)  varies  between  0.7-2. 5  ns,  depending  on  the  probed  spot  due  to 
varying  impurity  and  trap  densities  on  the  sample.  The  decay  time,  however, 
always  collapses  to  <30  ps  above  threshold,  b)  Polariton  distribution  function 
below  and  above  threshold.  Above  threshold,  the  distribution  can  be  fit  to  a 
Boltzmann  distribution:  n(E)  oc  exp(— AE / kbTlattice)  (where 

A E  =  E{ka  )  —  E(ka  =  0)  and  kb  is  Boltzman’s  constant).  The  fit  results  in  a 
lattice  temperature  Tiattice=326K. 


The 

lower  polariton 
population 
density  below 
and  above 
threshold  is 
shown  in  Fig.  6b. 
The  shape  of  the 
polariton 
population 
density  function 
is  determined  by 
the  various 
scattering  rates, 
and  may  or  may 
not  reach 

thermal 
equilibrium 
depending  on 

the  decay  rate  of  polaritons  compared  to  these  rates.  Below  threshold,  the  system  appears 
to  be  far  from  thermal  equilibrium.  Above  threshold,  the  peak  emission  is  found  slightly 
off-normal  at  0=2.5°.  Indeed,  this  angle  provides  the  resonance  condition  for  direct 
pumping  from  the  reservoir.  However,  for  higher  angles,  the  population  distribution 
changes  to  a  shape  which  is  indistinguishable  from  a  Boltzmann  distribution  with  an 
activation  energy  corresponding  to  a  lattice  temperature  Tiattice=326K.  This  suggests  that 
relaxation  above  threshold  is  greatly  enhanced  and  that  even  under  pulsed  excitation, 
some  thermalization  occurs.  The  population  near  k=0,  however,  differs  from  that 
expected  for  a  Bose-Einstein  condensate  at  thermal  equilibrium  and  from  Fig.  4,  it  is 
apparent  that  in  anthracene,  nonradiative  decay  by  bimolecular  annihilation  severely 
limits  the  possibility  of  achieving  extremely  large  ground  state  populations. 

The  observation  of  stimulated  emission  from  crystalline  anthracene  has  been 
reported  at  low  temperature  ,  but  to  our  knowledge  this  is  the  first  demonstration  of 
lasing  from  crystalline  anthracene.  We  can,  nevertheless,  estimate  the  pump  density 
required  for  conventional  photon  lasing  in  the  same  structure.  By  varying  the  dimensions 
of  the  pump  spot,  we  have  measured  a  gain  coefficient  a~20  cm  1  at  a  pump  density  of  43 
pj/cnr  (15.9  pJ/cnr  absorbed).  In  the  microcavity,  the  mirror  losses  alone  are  calculated 
to  be  at  least  540  cm1.  Assuming  the  best  case  where  the  gain  scales  linearly  with  the 


8 


pump  density  (ignoring  bimolecular  quenching),  we  calculate  a  threshold  P,k= 430  pJ/cm2 
for  conventional  lasing.  At  threshold  for  polariton  lasing,  however,  we  measure  a 
absorbed  pump  density  of  only  Pth= 320  pJ/cm2. 

Still,  the  distinction  between  polariton  and  photon  lasing  remains  a  subtle  point  in 
this  organic  semiconductor.  Unlike  the  case  of  inorganic  semiconductors,  the  Mott 
density  is  never  exceeded  in  organic  semiconductors  (we  know  of  no  demonstration  of  a 
free  electron-hole  plasma  in  an  organic  material),  and  as  a  result,  the  polariton  emission  is 
never  bleached.  However,  “transparency”  is  always  exceeded  for  vibronic  sub-levels  of 
the  ground  state  since  these  are  unoccupied  in  thermal  equilibrium.  Absorption  occurs 
from  the  relaxed  ground  state  to  vibronic  sub-levels  of  the  excited  state,  while 
spontaneous  emission  occurs  from  the  relaxed  excited  state  to  vibronic  sub-levels  of  the 
ground  state.  Since  the  peak  of  the  amplified  spontaneous  emission  spectrum  corresponds 
to  these  transitions,  gain  may  be  contributing  to  the  radiative  scattering  mechanism  which 
populates  the  polariton  ground  state. 

In  inorganic  microcavities,  the  polariton  lasing  threshold  has  been  found  to  be  as 
much  as  one  order  of  magnitude  lower  than  that  for  conventional  photon  lasing.  However, 
in  organic  crystals  with  inversion  symmetry  (e.g.  anthracene),  only  high  order  multipoles 
contribute  to  the  dynamic  exciton-exciton  interaction  which  is  responsible  the  efficient 
polariton-polariton  scattering  of  inorganic  semiconductors,  making  it  relatively 
inefficient'  .  It  is  the  large  intramolecular  phonon  energy  characteristic  of  organic 
materials,  however,  that  enables  direct  pumping  of  the  lower  branch  from  the  reservoir. 
Organic  materials  with  efficient  nonradiative  scattering  mechanisms  such  as  exciton- 
phonon  and  exciton-exciton  interactions  may  further  reduce  the  polariton  lasing  threshold 

1  T 

compared  to  that  of  conventional  lasing.  Indeed,  we  have  calculated  the  phase  diagram 
of  the  experimental  structure  in  the  thermodynamic  limit  (assuming  an  infinite  particle 
lifetime)  and  find  a  threshold  density  for  condensation  Ntk  =  3x10  /cm  .  Direct  electrical 
pumping  of  such  a  structure  beyond  threshold  would  be  feasible  with  current  organic 
light-emitting  diode  architectures". 

B.  Nanocrystalline  Organic  Solar  Cells 

The  power  conversion  efficiencies  of  organic  photovoltaic  (PV)  cells  have  steadily 
increased  since  the  introduction  of  the  donor/acceptor  (DA)  heterojunction  .  Further 
improvements  have  been  reported  in  entangled  or  “bulk-heterojunction”  (BHJ)  structures, 
where  the  DA  interface  is  within  an  exciton  diffusion  length  (~10nm)  of  the  site  for 
photon  absorption  .  However,  the  high  series  resistance'  ’ "  of  these  amorphous  blends 
limits  the  active  layer  thickness,  leading  to  low  fill  factor  and  reduced  light  absorption, 
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and  hence  a  low  solar  energy  conversion  efficiency'  .  One  means  to  circumvent  the  low 
mobility  of  charge  in  disordered  organic  films  has  been  the  use  of  inorganic 
semiconductor  “quantum  dots”  .  These  nanocrystals  serve  as  charge  generation  sites 
that,  when  loaded  into  a  polymer  film  at  high  density,  can  form  a  high  conductivity 
percolating  path  to  extract  photogenerated  charge  from  the  device  active  region. 
Unfortunately,  the  mismatch  in  optical  and  excitonic  properties  between  the  quantum 
dots  and  the  polymer  matrix  has  limited  PV  cell  efficiencies  of  photovoltaic  cells  based 
on  these  materials.  In  this  work,  we  demonstrate  that  controlled  crystallization  of  organic 
molecules  results  in  a  PV  cell  where  the  active  layer  is  comprised  of  a  nanocrystalline 
organic  region  that  forms  high  conductivity  networks  for  charge  extraction.  This  cell 
shares  many  of  the  benefits  of  organic/inorganic  quantum  dot  cells,  as  well  as  of  all- 
organic  bulk  heterojunctions  without  many  of  their  disadvantages.  Structural  analysis 
confirms  the  existence  of  crystalline  phases  of  the  constituent  donor  molecule,  copper 
phthalocyanine  (CuPc),  and  the  acceptor,  C6o-  The  new  device  architecture  results  in  a 
three  times  increase  of  power  conversion  efficiency  over  that  of  an  efficient  planar  HJ 
solar  cell  control. 

To  reduce  cell  series  resistance  in  the  organic  BHJ,  it  is  necessary  to  create 
morphological  order  that  leads  to  a  low  resistance  to  charge  conduction,  lacking 
bottlenecks  or  islands  that  impede  carrier  extraction.  Indeed,  spatial  ordering  induced  by 
vertical  phase  separation  led  to  increase  charge  collection  in  organic/inorganic  quantum 
dot  hybrid  cells  from  1.7%  for  a  disordered  cell,  to  2.8%  .  For  this  reason,  we  recently 
reported  organic  solar  cells  with  an  ordered,  interdigitated  DA  interface  formed  by 
crystalline  donor  protrusions  and  a  planarizing  acceptor  layer,  grown  by  the  process  of 
organic  vapor  phase  deposition  (OVPD).  Control  of  organic  film  crystallization  and 
morphology  resulted  in  a  low  resistance,  ordered,  interdigitated  interface  that,  when 
employed  in  solar  cell  structures,  led  to  significantly  improved  efficiency  over  otherwise 

on 

identical,  planar  HJs  .  Such  an  interface,  however,  does  not  increase  efficiency  for  the 
materials  with  large  exciton  diffusion  lengths,  e.g.,  C6o,  where  the  finite  protrusion  size 

T  1 

and  density  do  not  lead  to  increased  exciton  dissociation.  In  the  current  work,  we  have 
expanded  the  DA  crystalline  interface  concept  into  an  extended  bulk,  highly 
interconnected  and  entangled  interpenetrating  network.  This  concept  employing  a  thicker 
DA  region  significantly  increases  the  HJ  interface  area  while  maintaining  crystalline 
regions  that  effectively  conduct  charges  to  the  opposing  electrodes  of  the  cells.  This 
architecture  opens  up  a  range  of  possibilities  for  attaining  high  efficiency  organic  PV 
cells,  including  the  mixing  of  three  or  more  organic  constituents  in  a  single  active  region 
to  provide  full  coverage  of  the  solar  spectrum. 
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The  nanocrystalline  network  relies  on  the  growth  of  ultrathin,  alternating  layers  of 
the  D  and  A  molecules  such  that  any  given  layer  does  not  fully  cover  the  layer  that  lies 
below.  Incomplete  coverage  results  from  a  combination  of  lack  of  surface  wetting,  and 
control  of  film  morphology  and  crystalline  texture  using  OVPD. 

The  growth  of  nanocrystalline  DA  networks  was  simulated  by  including  gas  phase 
molecular  transport,  surface  diffusion,  and  re-evaporation  back  into  gas  phase,32  with 
results  shown  in  Fig.  7a.  Periodic  boundary  conditions  apply  in  both  in-plane  directions. 
Organic  molecules  randomly  originate  far  from  the  substrate  in  the  gas  phase,  and  diffuse 
toward  the  substrate.  Upon  reaching  a  solid  surface,  the  admolecule  diffuses  on  the  solid 
film  surface,  where  the  jumping  rate  between  two  sites,  i  and  j,  is  determined  by  the  site 
energy  Et  and  Ej  as:32 

K^j  =vf(Ei,Ej).  (1) 


Here  v  is  the  lattice  vibration  factor  and: 


f(El,Ej)  = 


exp 


EJ~E> 

kBT  j 


if  Ej  >  E, 


if  Ej  <  Et 


(2) 


The  site  energy,  Ej,  is  the  sum  of  van  der  Waals  interactions  between  the  admolecule  and 
all  proximal  neighboring  molecules.  The  interaction  energy  between  nearest  neighbors 
are  taken  as  0.867  eV  (CuPc  -  CuPc),33  1.5  eV  (Cgo  -  C6o), 34,35  and  0.044  eV  (CuPc  - 
C6o),36  respectively.  Since  the  interaction  between  like  molecules  is  much  larger  than  the 
interaction  between  unlike  molecular  pairs,  similar  molecules  tend  to  aggregate.  The 
simulated  growth  of  the  network  begins  on  a  continuous  layer  of  copper  phthalocyanine 
(CuPc)  on  a  transparent  conductive  substrate,  e.g.,  indium-tin-oxide  (ITO).  Then  a  thin 
layer  of  C6o  is  deposited  on  top  of  the  underlying,  continuous  CuPc  layer.  The  aggregates 
in  the  C6o  layer  do  not  provide  a  full  coverage  of  the  underlayer,  leaving  part  of  the  CuPc 
exposed.  A  second,  thin  CuPc  layer  is  then  deposited,  partially  covering  the  C6o  layer 
with  portions  of  the  second  CuPc  layer  directly  contacting  the  first,  continuous  CuPc 
layer.  By  continuously  alternating  the  deposition  of  C6o  and  CuPc,  3D  interpenetrating 
nanocrystalline  networks  of  C6o  and  CuPc  are  formed.  The  growth  simulation  indicates  a 
monotonic  increase  of  the  interface  area  as  the  number  of  alternating  DA  bilayers  is 
increased.  As  shown  in  Fig.  7a,  the  final  interface  area  in  a  nanocrystalline  cell  with  6 
C60/CuPc  pairs  is  11  times  that  of  a  planar  interface.  The  root  mean  square  (rms)  surface 
roughness  of  the  nanocrystalline  films  also  increases,  and  reaches  a  maximum  of 
approximately  4  nm.  The  final  step  is  the  growth  of  a  continuous  C6o  layer  on  top  of  the 
network,  planarizing  the  film  surface  to  prevent  shorts  . 
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Fig.  7:  Simulation  and  growth 
methods  of  [C6o(3nm)  /  CuPc(3nm)]n 
nanocrystalline  donor/acceptor  (DA) 
networks,  a,  Simulation  of  the  growth 
progression  of  a  six  period  network.  The 
plot  shows,  the  root  mean  square  (rms) 
surface  roughness  (open  triangles)  and 
the  interface  area  relative  to  a  planar  DA 
junction  (filled  circles)  as  functions  of 
number  of  bilayers.  The  star  shows  the 
final  area  ratio  after  the  6-period 
network  is  covered  by  a  continous  C6o 
planarizing  layer.  The  three  inset 
pictures  show  the  evolution  of  the  film 
structure  and  surface  morphology  of  the 
C6o  (magenta)  /  CuPc  (cyan) 
nanocrystals  at  different  growth  stages 
in  the  progression,  as  well  as  the  CuPc 
network  formed  after  the  sixth  C6o/CuPc 
cycle,  where  3-D  interconnected 
networks  can  be  clearly  seen,  b,  Mass 
flow  rates  and  pressure  change 
recorded  during  the  organic  vapor 
phase  deposition  of  the  C6o/CuPc 
structure.  Top  inset:  Barrel  valve  in  the 
off  position,  preventing  organics  from 
diffusing  out  of  the  barrel.  Bottom  inset: 
Carrier  gas  conveying  organic  molecules 
out  of  the  barrel  when  the  valve  is  in  the 
on  Dosition. 


We  used  OVPD  to  grow  the  crystalline 
network  PV  cells.  Large  nitrogen  gas  flow  rates 
(150  seem  for  CuPc  and  100  for  C6o)  and  low 
substrate  temperatures  (Tmh  =  4+1  °C)  were 
used  for  the  bottom  and  top  continuous  layers, 
resulting  in  a  flat  surface.  Smaller  nitrogen  flow 
rates  (20  seem  for  both  CuPc  and  C6o)  and 
higher  Tsub  (15  +1  °C)  were  used  to  promote 
crystallization  during  the  discontinuous  layer 

'i-j 

growth.  The  crystalline  film  texture  of  an 
OVPD-grown  multilayer  (grown  by  the  process 
illustrated  in  Fig.  7b)  is  confirmed  by 
transmission  electron  microscopy  (TEM),  x-ray 
diffraction  (XRD)  and  atomic  force  microscopy 
(AFM),  as  shown  in  Fig.  8.  A  cross-sectional 
TEM  image  of  [CuPc(6.1nm)/C6o(6.1nm)]io  is 
shown  in  Fig.  8a.  (Here,  the  notation  [D(jc 
nm)/A(y  nm)]„  refers  to  the  thicknesses  x,  y  of 
the  D  and  A  layers,  respectively,  and  n  is  the 
number  of  DA  pairs.)  The  CuPc  and  C6o 
phases  are  similar  to  those  observed  in  a 

•50 

crystalline  bilayer  film  .  The  Q,o  phase  has 
clearly  ordered,  close  packed  molecular  planes, 
while  the  monoclinic  CuPc  lattice  appears  less 
ordered  since  the  image  is  not  taken  along  the 
projection  of  a  single,  crystallographic  plane.39 
Both  electron  and  x-ray  diffraction  confirm  the 
existence  of  crystalline  domains  of  CuPc  and 
C6o-  Crystalline  domain  sizes  range  from  5  nm 
to  10  nm,  similar  to  those  found  in 
homogeneous  films  of  C6o,  but  smaller  than 
ZnPc  crystals  obtained  by  thermal 
evaporation40'  41 .  We  obtained  similar  TEM 
images  of  [CuPc(3.1  nm)/C6o(3.1  nm)]i7,  where 
the  crystallites  are  similar  in  shape  but  have 
slightly  smaller  sizes,  as  expected.  High-angle 
annular  dark-field  images  confirm  the  presence 
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Fig.  8:  Structrual  characterization  of  a 
C6o/CuPc  nanocrystalline  film  grown  on 
an  indium-tin-oxide  (ITO)  substrate,  a, 

Cross  sectional  high-resolution  TEM  image 
of  a  [CuPc(6.1nm)/C6o(6.1nm]]io  film, 
showing  nanocrystalline  domains  indicated 
by  white  curves  that  locate  the  domain 
boundaries.  Scale  bar=5  nm.  b,  X-ray 
diffraction  pattern  of  an  OVPD  grown  A. 
[C6o(3.5  nm)/CuPc(3.5  nm]]s  film,  and  B.  a 
[C6o(1-9  nm)/CuPc(1.9  nm)]io  film.  C.  A  100- 
nm  thick  C6o:CuPc  =  1:1  mixed  film  grown 
by  vacuum  thermal  co-evaporation.  The 
CuPc  (200)  and  ITO  (211),  (222)  indices  are 
indicated.  Inset:  Plan-view  selective  area 
diffraction  pattern  taken  for  the  film  in  a. 
The  diffraction  indicies  of  a-CuPc  and  C6o 
are  marked.  Well  defined  diffraction  spots 
indicate  crystalline  order,  c,  Atomic  force 
micrscopic  surface  morphology  of  the  same 
film  in  a,  showing  an  rms  roughness  of  12.7 
nm  in  the  100  x  100  nm2  area. 


of  CuPc  aggregates,  with  sizes  comparable  to 
the  domain  sizes  observed  in  Fig.  8a. 

A  selected  area  electron  diffraction 
image  of  the  same 

[CuPc(6.1nm)/C6o(6.1nm)]io  film  in  plan- 
view  (Fig.  8b,  inset)  shows  diffraction  spots 
corresponding  to  ordered  domains  of  a- 
CuPc42  and  face  centered  cubic  (fee)  C6o43. 
The  crystallites  have  a  similar  size  and 
distribution  as  those  seen  in  cross-sectional 
view.  The  well  defined  diffraction  spots 
indicate  a  high  degree  of  crystalline  order 
and  orientation  within  the  region  of  the  probe 
beam.  In  addition,  the  XRD  patterns  of 
[CuPc(3.5nm)/C6o(3.5nm)]5  and 

[CuPc(1.9nm)/C6o(l-9nm)]io  shown  in  Fig. 
8b,  confirm  the  existence  of  a-CuPc  in  the 
two  samples.  No  C6o  diffraction  peaks  can  be 
identified  in  the  scanning  range  due  to  its 
large  lattice  constant  ( a  =  14.16  A)  43.  These 
structural  studies  show  that  crystalline  phases 
are  obtained  by  alternating  the  growth  of  the 
D  and  A  materials  using  OVPD,  as  opposed 
to  amorphous  CuPc:C6o  mixed  films  grown 
by  co-evaporation26  (bottom  scan,  Fig.  8b), 
where  the  crystalline  phase  separation  is 
limited44,26' 27'40' 41 .  As  shown  in  Fig.  2c,  the 
surface  morphology  of  the  same 
[CuPc(6.1nm)/C6o(6.1nm)]io  film  observed 
by  AFM  shows  the  crystalline  texture  with 
an  rms  roughness  of  12.7  nm,  reflecting  the 
roughing  effect  (c.f.  Fig.  7a)  caused  by  the 
crystallite  growth  over  the  ITO  substrate 
whose  rms  roughness  <  3  nm. 

The  absorption  spectra  of  the 
nanocrystalline  films  are  fit  to  the  linear  sum 
of  the  neat  CuPc  and  C6o  absorption  spectra 
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(acuPc  and  ac60,  respectively).  Figure  9a  shows  the 
absorption  coefficient  of 

[CuPc(3.1nm)/C6o(3.1nm)]i7  grown  on  a  fused 
quartz  substrate,  fit  using  aNc  =0.48ac6o  + 
0.23acuPc-  Films  with  different  DA  cycle 
thicknesses  are  fit  using  similar  expressions.  Pure 
CuPc  films  have  two  peaks  centered  at  wavelengths 
of  X=620  and  695  nm,  corresponding  to  dimer  and 
monomer  absorption,  respectively  .  For 
amorphous  CuPc:C6o  mixtures,  the  absorption  at 
X=695  nm  is  enhanced  due  to  an  increased 
intermolecular  distance26'44  45 .  By  comparison,  the 
nanocrystalline  layer  peak  at  X=695  nm  is  less 
pronounced  than  in  the  mixed  film,  implying  the 
presence  of  a  high  density  of  CuPc  crystallites  (Fig. 
9b)44.  The  asymmetry  in  the  CuPc  and  C6o 
absorption  obtained  in  our  fits  may  be  an  effect  of 
differing  crystal  sizes  for  these  two  molecular 
constituents. 

We  note  that  these  crystalline  structures  are 
in  a  stable,  rather  than  metastable  structure,  as 
observed  in  annealed  mixtures  of  CuPc  and  3,  4,  9, 
10-  perylenetetracarboxylic  bis-benzimidazole 
(PTCBI)  46.  Furthermore,  compared  to  phase-separated  polymer  cells  prepared  by 
annealing  at  110-150  °C,“  ’  the  small  molecular  weight  films  in  our  PV  cells  have  high 
glass  transition  temperatures  (>  400  °C).  Further  phase  separation  of  these  cells  is, 
therefore,  not  expected  to  occur  under  normal  operating  conditions  and  required 
operational  lifetimes  (10-20  years)  of  such  devices. 

A  series  of  CuPc(14.5±0.2nm)/[C6o(3.2±0.2nm)/CuPc(3.2±0.2nm)]n/ 
C6o(40.0±0.5nm)  /  BCP(10nm)/Ag  (BCP=bathocuproine)  double  heterojunction  PV 
cells47  were  fabricated,  where  n  ranged  from  0  to  12.  Here,  BCP  was  used  as  an  exciton 
blocking  layer.  The  nominal  thicknesses  of  the  C6o(3.2  nm)/CuPc(3.2  nm)  multilayers 
were  varied  between  6.4  and  76.8  nm,  keeping  C6o:CuPc  =  1  for  all  samples.  Hence,  for  n 
=  12,  the  total  organic  active  film  thickness  was  t- 141  nm,  which  exceeds  f=100nm, 
typical  of  that  of  a  conventional,  bilayer  small  molecular  weight  cell.  This,  in  turn, 
increases  the  optical  absorption  due  to  its  exponential  dependence  on  thickness  (i.e.,  cell 
responsivity  follows  (1 -exp [-of])),  where  a  is  the  absorption  coefficient  of  the  organic 
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Fig.  9:  Absorption  coefficients  (a)  of 
CuPc  and  C6o  films  on  fused  silica 
substrates,  a.  Absorption  of  a 
nanocrystalline  [C6o(3.1 

nm)/CuPc(3.1  nm)]i7  film,  and  a  fit 
by  0nc  =O.480c6o  +  0,23EcuPc  ■  The 
absorption  of  the  pure  films  are 
shown  in  the  lower  part  of  the  figure, 
b,  Normalized  absorption  spectra  in 
the  low-enerev  0-band  of  CuPc. 
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Fig.  10:  The  performance  of 
CuPc(14.5±0.2nm)  / 

[C6o(3.2±0.2nm)  / 

CuPc(3.2±0.2nm)]„  / 

C6o(50.0±0.5nm)  /  BCP  (lOnm)  / 
Ag  solar  cells,  with  n  varying 
from  0  to  12,  and  the  total 
thickness  of  the  active  layers 
varying  from  54.5  to  141  nm..  a. 
Dark  current  density  -  applied 
voltage  {J-V]  characteristics  b. 
Specific  resistance  (7?sa)  as  a 
function  of  n  and  C6o/CuPc 
nanocrystalline  layer  thickness, 
calculated  by  fitting  the  dark  J-V 
characteristics  using  the  ideal  diode 
equation. 


material  .  Furthermore,  the  top  C6o  layer  is  thicker 
than  used  in  the  optimized  bilayer  device47'  48,  as 

on 

necessary  to  planarize  the  rough  film  surface  (c.f. 
Fig.  8c). 

The  dark  current  density-voltage  (J-V) 
characteristics  of  all  cells  have  rectification  ratios  > 
104  at  ±  1  V,  as  shown  in  Fig.  10a.  Fitting  the  forward 
J-V  curves  using  the  ideal  diode  equation30'  48  yields 
the  specific  series  resistance,  Rsa,  as  a  function  of  the 
number  of  alternating  DA  pairs  (and  hence  total 
active  layer  thickness)  in  Fig.  10b.  The  bilayer  ( n  =  0) 
cell  has  Rs\  =  0.5  Q-cm2,  gradually  increasing  to  3.0 
Q-cm2  for  n  =  12  .  That  RSA  increases  by  a  factor  of 
~6  for  a  cell  only  twice  as  thick  indicates  that  the 
nanocrystalline  region  is  not  completely  free  of 
bottlenecks  to  charge  conduction.  However, 
multilayers  with  fewer  periods  show  only  a  2  to  3 
times  increase  in  RSa,  suggesting  that  disorder 
increases  significantly  only  for  the  deepest  stacks. 

The  photoresponse  of  the  same  cells  as  in  Fig. 
11  measured  under  simulated  100  ±  4  mW/cnr  AM 
1.5G  solar  irradiation  are  shown  in  Fig.  11a.  The 
short  circuit  current  (/sc),  open  circuit  voltage  (Foe) 
and  fill  factor  (FF)  are  plotted  in  Fig.  lib.  With  n 
increasing  from  2  to  6,  /sc  significantly  increases  by 
nearly  a  factor  of  3,  from  5.6+0. 1  mA/cnr  in  the 
bilayer  cell  to  17.0+0.2  mA/cnr,  and  then  drops  as  n 


is  increased  further,  due  to  the  high  series  resistance  of  the  thickest  cells  with  large  and 


entangled  crystalline  networks.  In  the  same  figure,  Foe  increases  from  0.44+0.01  V  in  the 


bilayer  cell  (n  =  0),  and  gradually  increasing  to  0.50+0.01  V  at  n  =  12.  Finally,  FF 


decreases  slightly  from  0.57+0.01  at  n  =  0  to  0.56  at  n  =  6,  and  drops  to  0.44+0.01  at  n  = 


12,  once  more  reflecting  the  increase  of  resistance  in  the  deepest  stacks,  as  shown  in  Fig. 


10b. 

The  external  quantum  efficiency  (EQE)  as  a  function  of  wavelength49  is  shown  in 


Fig.  11c.  The  EQE  peak,  centered  between  X=430  and  470  nm,  results  from  C6o 
absorption50,  whereas  the  peaks  at  X=620  and  695  nm  are  due  to  CuPc  absorption26  (c.f. 
Fig.  3a).  As  the  number  of  C6o/CuPc  pairs  increases  from  n  =  0  to  n  =  6,  the  EQE 
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increases  rapidly,  i.e.,  the  /.=620  nm  peak  increases  from  25%  to  76%,  and  the  peak  at 
/.=450  nm  increases  from  22%  to  64%,  both  showing  a  3-fold  increase  with  n.  In  fact,  in 
a  previously  reported  photodetector  composed  of  continuous  ultrathin  (>0.5  nm) 
CuPc/PTCBI  multilayer  stacks  grown  in  vacuum,  an  EQE  of  up  to  75%  was  achieved  at  a 
reverse  bias  of  -10  V.51  In  contrast  to  that  device,  the  nanocrystalline  solar  cell  with  its 
entangled  heterointerface  shows  the  same  large  EQE  at  zero  bias,  implying  success  in 
achieving  continuous  conductive  pathways.  The  EQE  decreases  at  larger  n  due  to  a  lower 
carrier  collection  efficiency  resulting  from  increased  resistance,  possibly  indicating  that 
the  percolating  conducting  paths  formed  by  the  network  of  nanocrystallites  are 
interrupted  by  bottlenecks  or  islands.  Note  that  the  broad  peak  corresponding  to  C6o 
absorption  shifts  to  shorter  wavelength  as  n  increases,  as  a  result  of  the  optical  field 
changes  with  the  thickness. 


Voltage  (V)  Number  of  periods 


Previously,  it  was 
shown  that  the  growth  of 
an  organized 

interdigitated  DA 

interface  results  in  a  2.7 
times  increase  in 

efficiency  in  a 
CuPc/PTCBI  solar  cell30 


wavelength  (nm)  Number  of  periods 


Fig.  11:  Parameters  affecting  room-temperature  power- 

conversion  efficiency  of  the  solar  cells  in  Fig.  4.  a.  J-V 

characteristics  at  simulated  AM  1.5  global  105  ±  5  niW/cm2  solar 
illumination,  b.  Short  circuit  current  density  (/Sc),  open  circuit 
voltage  (Poe)  and  fill  factor  [FF]  as  functions  of  the  number  of 
C6o/CuPc  growth  cycles,  n.  c,  External  quantum  efficiency  (/7eqe) 
spectra  of  devices  with  different  n.  d,  Power  conversion  efficiency 
(//p)  as  a  function  of  n  and  C6o/CuPc  nanocrystalline  layer  thickness. 


over  its  planar  analog, 
but  that  architecture 
showed  no  improvement 
when  the  C  uPc/C  60 
system  was  used31.  This 
lack  of  improvement  was 
attributed  to  the  long 
(~40  nm)  exciton 
diffusion  length'  in  C6o, 
which  exceeded  the 
interdigitated  feature 
width.  The  CuPc/PTCBI 
cell  characteristic 

diffusion  lengths  were 
<10  nm,  or  half  of  the 


feature  size,  hence  leading  to  the  efficiency  improvement  observed.  In  contrast,  the 


photoresponse  of  CuPc  and  C6o  in  the  nanocrystalline  cells  both  increase  by  more  than  3 
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times,  suggesting  that  the  high  carrier  mobility  in  the  extended,  percolating  networks  is 
primarily  responsible  for  their  improvement  in  efficiency. 

The  power  conversion  efficiency,  rjp,  is  plotted  as  a  function  of  n  in  Fig.  lid.  The 
photocurrent  and  power  efficiencies  of  unpackaged  devices  were  measured  in  air 
referenced  to  an  NREL-calibrated  Si  detector.  Here,  r/p  =  1 .4+0. 1  %  in  the  bilayer  device 
(n= 0)  increases  by  a  factor  of  3,  to  a  maximum  of  4.4±0.2%  at  n  =  6,  corresponding  to  a 
total  thickness  of  the  nanocrystalline  region  of  38nm,  which  is  almost  double  the 
optimum  thickness  of  a  mixed  CuPc:C6o  solar  cell  active  region^  .  The  efficiency  rolls 
off  to  2. 1+0. 1  %  at  n  =  12.  The  power  efficiency  of  the  unoptimized  CuPc/C6o  bilayer 

co  co 

control  cell  is  consistent  with  that  reported  by  other  groups,  '  ~  although  it  is  not  as  high 
as  the  best  reported  for  planar  cells  using  the  same  materials  system  grown  by  vacuum 

a  o 

thermal  evaporation  .  The  solar  cell  efficiency  showed  minor  (~5  %)  degradation  when 
exposed  to  ambient  for  24  hours. 

By  controlling  the  organic  molecule  crystallization  conditions,  we  used  OVPD  to 
deposit  an  organic  solar  cell  architecture  incorporating  an  all-organic  nanocrystalline 
network  which  has  both  a  large  DA  HJ  interface  area  favorable  for  exciton  dissociation, 
and  a  large  thickness  for  light  absorption.54  The  crystalline  order  introduces  only  a  small 
series  resistance  with  increasing  thickness,  and  our  demonstration  has  resulted  in  a  three¬ 
fold  increase  of  efficiency  over  planar  HJ  controls  in  a  one-to-one  comparison.  The  solar 
cell  active  region  thicknesses  are  >100nm,  eliminating  shorts  commonly  observed  in 
thinner  cells,  while  also  increasing  the  active  region  thickness,  leading  to  an  exponential 

on  o  i 

increase  in  light  absorption.  Furthermore,  changing  the  nanocrystalline  size  '  ,  varying 
the  DA  ratio44,  incorporating  more  than  two  molecular  components  to  obtain  broader 
coverage  of  the  solar  spectrum,  and  employing  multiple  cells  in  a  tandem  structure40  may 
lead  to  even  higher  efficiencies.  We  emphasize  that  the  devices  reported  here  do  not 
represent  a  practical  demonstration,  which  would  only  be  possible  with  large  solar  cell 
modules  with  long  operational  lifetimes.  Rather,  our  work  demonstrates  that  control  of 
the  fully  organic  nanostructure  morphology  leads  to  highly  interconnected 
nanocrystalline  networks  that  significantly  improve  both  exciton  dissociation  and  charge 
collection  that  have  potential  application  to  a  new  generation  of  solar  energy  conversion 
devices. 
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